Abstract: A reverse-conducting insulated-gate bipolar transistor (RC-IGBT) with integrated Free-Wheeling Diode (FWD) in edge termination region controlled by metal-oxide-semiconductor field-effect transistor (MOSFET) is proposed. The Field Limiting Ring (FLR) of the edge termination acts as the anode and the N-Collector acts as the cathode of the FWD. The MOSFET makes the FLR conduct reverse current at reverse conduction and float at reverse breakdown. Compared with the conventional RC-IGBT, which integrates the FWD in active cell region, the proposed device can eliminate the snapback easily at forward conduction. In addition, the forward voltage drop can be decreased largely.
Introduction
The RC-IGBT offers a very attractive solution for the IGBT modules which pursue high power density. It integrates the IGBT and the FWD into one monolithic chip by introducing an N-collector in the backside of the active cell region, which substantially reduces the die size [1, 2, 3, 4, 5] . However, several drawbacks are observed in the conventional RC-IGBT. The first one which demands prompt improvement is that the device is prone to undesirable snapback. When the devices are paralleled, this deleterious effect can prevent the full turn-on of them [6, 7, 8, 9] . The second is that a high forward voltage drop which can increase the conducting energy loss and a non-uniform distributed current which can decrease the conducting capability and reliability are observed. Many methods are adopted to solve these problems, such as by introducing the dual gates [10] which can eliminate the snapback effectively but in needing of extra and complicated fabrication processes, the RC-IGBT with anti-parallel thyristor [11] which an realize uniform current distribution but it can bring in another snapback, and the RC-IGBT with antiparallel NPN transistor [12] which can suppress the snapback but at the loss of the turnoff capability due to the oxide trench collector. In addition, almost all the methods integrate the FWD in the same active region with IGBT.
In this paper, a novel RC-IGBT with built-in FWD controlled by MOSFET is proposed (1) to eliminate the snapback (2) to decrease the forward voltage drop (3) to integrate the FWD in the edge termination region.
2 Device structures and mechanism Fig. 1 shows the structures for comparison, Fig. 1(a) shows the conventional RC-IGBT with integrated FWD in active cell region, and Fig. 1(b) gives the corresponding FWD structure. It can be seen that the N-collector acts as the cathode of the FWD, the p-body of the IGBT acts as the anode of the FWD. As the N-collector is alternately integrated with the P-collector, so the FWD and the IGBT share the same active region. The equivalent symbol shows that the FWD is anti-parallel with the IGBT. Fig. 1(c) shows the proposed RC-IGBT with integrated FWD in the edge termination region, and Fig. 1(d) gives the corresponding FWD structure. It also can be seen that the N-collector acts as the cathode, while the Field Limiting Ring (FLR) acts as the anode of the FWD. As the N-collector is integrated in the edge termination region, the P-collector is integrated in the active cell region, so the FWD and the IGBT is separated, that is to say the RC-IGBT integrates the FWD by utilizing the edge termination. Moreover, a MOSFET switch is introduced in the transition region and it is in series connection with the FWD through metalline. The equivalent symbol shows that the FWD is also anti-parallel with the IGBT.
3 The electrical results and discussion Fig. 2 shows the forward conduction and reverse conduction characteristics. When at the forward conduction, the gate voltage V g ¼ 15 V, the cathode voltage V Cathode ¼ 0 V, and the anode voltage V anode ¼ þV. For the conventional RC-IGBT, the conduction change from unipolar to bipolar mode, and then the Snapback occurs. At the same time the P-collector is partly displaced by the N-collector, which will reduce the efficiency of the hole injection. For the proposed RC-IGBT, the N-collector is integrated in the edge termination region, so the short effect is eliminated, and the forward voltage drop V F is decreased largely, compared the point B 1.6 V with point A 2.06 V at the current density of 150 A/cm 2 , the V F is decreased by 22.3%. When at the reverse conduction, the V g ¼ 0 V, V anode ¼ 0 V, and the V Cathode ¼ þV, for both RC-IGBTs, the reverse voltage drops V R are very small and less than 1 V. Fig. 3 shows the current distribution at point A, B, C and D. At forward conduction for the conventional RC-IGBT as shown in Fig. 3(a) , the current is not uniform distributed compared with the proposed RC-IGBT in Fig. 3(b) , because the P-collector is partly displaced by the N-collector. At reverse conduction for the conventional RC-IGBT, the current is distributed in active cell region as shown in Fig. 3(c) , while for the proposed RC-IGBT, The Field Limiting Ring (FLR) acts as the anode and the N-Collector acts as the cathode of the FWD, so the current distributed in the edge termination as shown in Fig. 3(d) . Fig. 4 shows the length of the P-Collector L P influences on the forward conduction characteristic. When the L P increases from 100 µm to 200 µm, the snapback voltage V SB decreases from 2 V to 0.75 V (without snapback), and the snapback is eliminated. At the same time, the forward voltage drop V F is decreased from 2.02 V to 1.66 V due to the increase of the L P . , the reverse voltage drop V R is decreased from 0.94 V to 0.88 V at the current density of 150 A/cm 2 . Moreover, the inset picture shows the conduction path for the reverse conduction, the MOSFET is equivalent to a closed switch. The breakdown property for the RC-IGBTs is discussed below, when the devices work at the reverse breakdown state, the gate voltage Vg ¼ 0 V, the cathode voltage V Cathode ¼ 0 V, and the anode voltage V anode ¼ þV. Fig. 6 shows the tional RC-IGBT. Moreover, the inset picture shows the breakdown current distribution, it can be seen that the P-Collector distributed under the edge termination region for the conventional RC-IGBT, which forms a PNP transistor (P-Collector/ N-drift/P-ring) at the reverse breakdown state. It enlarges the leakage current and the BV is decreased when compared to the proposed RC-IGBT. For the MOSFET which integrated in the transition region, it will not influence the BV and it is in the off state as the equivalent circuit shows when at the reverse breakdown state.
Conclusion
A novel RC-IGBT with built-in FWD in the edge termination region controlled by MOSFET is proposed. The MOSFET integrated in the transition region and it is equivalent to a switch. For illustration, the forward and the reverse conduction, and also the reverse breakdown are discussed. As the simulation results show that the proposed device can eliminate the snapback easily and decrease the forward voltage V F by 22.3% when compared to the conventional RC-IGBT. Moreover, the proposed RC-IGBT can be realized by layout design, which extra photo-lithography and process technology can be avoided.
